The sacroiliac joint (SIJ) is responsible for weight transmission between the spine and lower extremity. However, details of the structure and function of the SIJ remain unclear. In a previous study, we devised a method of quantitatively evaluating the level of degeneration of the SIJ using an age estimation procedure for the auricular surface of the ilium. Our results in that study suggested that the degree of degeneration of the joint surface may be associated with the morphology of the auricular surface of the ilium. In that study, however, the morphology of the auricular surface of the ilium was simplified for analysis, meaning that more detailed investigations were required in future. In the present study, we focused on individual differences in the shape of SIJ and carried out threedimensional quantitative evaluation of the morphology of the auricular surface of the ilium to ascertain its association with joint degeneration. We produced three-dimensional images of the right auricular surfaces of the ilium of 100 modern Japanese men (age 19-83), and obtained the three-dimensional rectangular coordinates of 11 defined measurement points. We then calculated 16 parameters indicating the morphological characteristics of the auricular surfaces of the ilium from the three-dimensional rectangular coordinates of these measurement points, and used these to perform principal component analysis to investigate trends in the morphology of the auricular surface of the ilium. We found that the morphology of the auricular surface of the ilium could be characterized in terms of (i) size, (ii) concavity of the posterior border and (iii) amount of undulation. An investigation of the correlation between these parameters and age suggested that the amount of undulation of the auricular surface of the ilium tends to diminish with advancing age. In an investigation of the association between morphology of the auricular surface of the ilium and degeneration of the articular surface when the subjects were divided into a highdegeneration group (n = 55) and a low-degeneration group (n = 45) and the 16 parameters were compared, there was a significant difference in the amount of undulation of the auricular surface of the ilium. In an investigation limited to older subjects aged ≥ 60 (n = 47) at the time of death, there were significant differences between the high-degeneration group (n = 27) and low-degeneration group (n = 20) in terms not only of the parameters indicating the amount of undulation of the auricular surface of the ilium but also of those indicating the amount of the concavity of the posterior border. These results suggested that the amount of undulation of the auricular surface of the ilium may affect the degree of degeneration of the articular surface. In addition, in older subjects, the degree of concavity of the posterior border of the SIJ may also affect the degree of degeneration of the articular Correspondence Keita Nishi, Department of Macroscopic Anatomy, Graduate School of Biomedical Sciences, Nagasaki University, Nagasaki, Japan. E: keita.west1003@gmail.com Journal of Anatomy surface. It is thus likely that differences in the morphology of the auricular surface of the ilium may affect degenerative changes in the SIJ.
Introduction
The sacroiliac joints (SIJs) are composed of the auricular surfaces of the ilium and sacrum. Its articular surfaces are covered with irregular elevations and depressions that interlock with each other, and its mobility is extremely low (Standring, 2008) . In general, the auricular surface on the sacral side is concave, whereas the auricular surface on the iliac side is convex; in humans, a bipedal species, the SIJs play the role of 'hubs' for transmitting force from the trunk to the ground as well as in the opposite direction (Lovejoy et al. 1985; Aiello & Dean, 1990) . The SIJ had to become more stable both for the coordinated movement of the pelvis itself on the femur and to enable a flexible response to the transmission of various different forces (Vleeming et al. 1990a,b; Vleeming & Stoeckart, 2007) . Even though the structure and function of the SIJ have been well studied, its details still remain unclear (Sashin, 1930; Bowen & Cassidy, 1981; Vleeming et al. 1989a Vleeming et al. ,b, 1995 Vleeming et al. , 2012 Pool-Goudzwaard et al. 2001; Adams & Dolan, 2005; Cohen, 2005; Foley & Buschbacher, 2006; Forst et al. 2006) .
In adults, the SIJ is generally auricular, L-shaped or Cshaped in form. The cranial side of the SIJ is short and its caudal side long. On the frontal plane, its articular surfaces are broad on the cranial side and grow narrower in the caudal direction, so that the entire articular surface is shaped like a sine wave or propeller (Solonen, 1957; Bowen & Cassidy, 1981; Dijkstra et al. 1989; Vleeming et al. 1990a ). The articular surfaces of the SIJ have complementary comb-shaped depressions and projections on the iliac and sacral auricular surfaces that generate the highest coefficient of friction of any of the joints in the human body (Bowen & Cassidy, 1981; Vleeming et al. 1990a,b) . These anatomical studies precisely explain the characteristics of the SIJ as a highly distinctive joint that is required to provide stable (and flexible) support for the human upper body. However, studies have found that the morphology of the SIJ is highly varied (Schunke, 1938; Lovejoy et al. 1985) and the effect of these differences in morphology on the function of the SIJ and on individuals has gone almost unaddressed.
One characteristic of the auricular surface of the ilium (ASI) is that its morphology changes with increasing age, and this has been utilized in a proposed method of estimating age from bone specimens (Brooke, 1924; Sashin, 1930; Schunke, 1938; MacDonald & Hunt, 1952; Carter & Loewi, 1962; Bowen & Cassidy, 1981; Lovejoy et al. 1985; Buckberry & Chamberlain, 2002; Schmitt, 2004; Igarashi et al. 2005; Mulhern & Jones, 2005; Nagaoka & Hirata, 2008; Passalacqua, 2009; Moraitis et al. 2014) . In a previous study, we used this method of estimating age from the ASI to propose a method of quantitatively evaluating the degree of degenerative changes in the SIJ. In that study, we focused on the fact that there is variation in the concavity of the posterior border of the SIJ. We carried out a two-dimensional quantitative evaluation of the concavity of the posterior border of the ASI, and investigated its association with degenerative changes in the SIJ. Our results suggested that for older subjects aged ≥ 60 years at the time of death, individuals with greater concavity of the posterior border tended to exhibit more advanced degeneration of the articular surfaces of the SIJ and hip joint (Nishi et al. 2016 ). However, we were concerned that this method only permitted a simple evaluation of SIJ morphology, and did not enable the assessment of the three-dimensional structure of the SIJ. In the present study, we therefore devised a comparatively easy method of quantitatively evaluating threedimensional structure, and used this to investigate the association between the three-dimensional morphological characteristics of the SIJ and degenerative changes in the articular surface.
Materials and methods
The right ASIs of the macerated bones of 100 modern Japanese men were studied: the mean age at the time of death was 56.5 years (range: 19-83 years). The subjects were restricted to men because childbirth is a major factor affecting the degree of degeneration of the articular surface in women. These bone specimens were taken from cadavers voluntarily donated to Nagasaki University School of Medicine for dissection by medical students from the 1950s to the 1970s. No identifying information other than age at death was available for the specimens used. These specimens were macerated human bones; they were kept in separate wooden boxes for each individual skeleton and stored in a storage room with an air conditioning system, which kept the temperature of the room constant. The skeletons in the box were kept wrapped in cloth so that the bones could not strike each other, minimizing damage. Furthermore, they were handled carefully to ensure that no damage was caused. In addition, most of the skeletons used in this study were for research purposes only. Skeletons of patients with rheumatoid arthritis, those with lesions due to infection or other causes, those with fracture or other traumatic injury, and those in which the ASI could not be observed because of fusion of the SIJ were excluded. The measurements and investigations were performed after this study had been approved by the Ethics Committee of the Nagasaki University Graduate School of Biomedical Sciences (Department of Medicine) (approval number: 15033076). All experimental procedures were conducted in accordance with the Declaration of Helsinki.
Acquisition of three-dimensional quantitative data
Measurements were carried out using the following method of three-dimensional quantitative evaluation of the morphology of the ASI. The right pelvic bone was first placed on a rotating scanning plate. The ASI was then photographed alongside a scale using a fixed digital camera (EOS Kiss X3; Canon, Japan) in such a way as to show the entire ASI. The scanning plate was then rotated horizontally by 15°, and the ASI was photographed again. STEROSCAN 3D modeling software (http://www.agisoft.ru/products/stereoscan; Agisoft LCC, St. Petersburg, Russia) was then used to construct a three-dimensional image from the two digital photographs, and this was then saved in PDF format as an image with three-dimensional rectangular coordinates. The measurement points were assigned on a computer screen using the three-dimensional image thus acquired by ADOBE READER XI (Adobe Systems Incorporated, San Jose, CA, USA) (Fig. 1) .
Measurement procedure for parameters
The procedure for assigning measurement points first involved drawing a straight line touching the posterior border of the ASI for use as a reference line. The 11 measurement points were defined in terms of this reference line as follows ( The three-dimensional rectangular coordinates (x, y, z) of measurement points a-k were obtained on a computer monitor. The values of these coordinates were acquired in millimeters (mm) after standardization with respect to the length of the scale photographed together with the ASI.
From these three-dimensional rectangular coordinates of the 11 measurement points, we then calculated 16 parameters indicating the morphological characteristics of the SIJ. The parameters were defined as follows: Fig. 1 The three-dimensional measurement procedure. (A) The auricular surface of the ilium was photographed with a fixed digital camera from a distance of 70 cm, then rotated 15°in the horizontal plane and photographed again. (B) The two digital photographs (JPEG format). These two images were processed using three-dimensional image production software to produce a three-dimensional image. (C) The image thus produced. This image can be rotated and viewed from any angle. The images were stored in PDF format. The units used for the various parameters were millimeters (mm) for distance, degrees (°) for angles, and square millimeters (mm 2 ) for area. The following investigations were conducted based on these measurement values (Fig. 3) .
Evaluation of the degree of degeneration of the ASI
The degree of degenerative changes in the ASI of the 100 specimens was assessed macroscopically. We followed the procedure used in our previous study, which is an application of the ASI-based method of estimating age reported by Buckberry & Chamberlain (2002) , Igarashi et al. (2005) and Nishi et al. (2016) . For evaluating the degree of degenerative changes in each ASI, we provided a method for calculating an index value by applying these age-estimation methods. First, the equation of the regression curve was determined from the estimated age value and the age at the time of death. Secondly, the difference between the estimated age of the subject and the value of predicted age, which was obtained by substituting the age at the time of death of the subject into the equation of the regression curve, was calculated. Then, the calculated value was defined as the deflection of the auricular surface (DEF), a value that reflects the degree of degenerative changes in the ASI.
where PA = predicted age value and AD = age at the time of death.
where DEF = deflection of auricular surface and EA = estimated age.
In this study, specimens were divided into a high-degeneration group and low-degeneration group according to whether their DEF values were positive or negative. The values of the parameters in the two groups calculated in the three-dimensional analysis were compared (Fig. 4) .
Verification of the validity and reliability of the measurement procedure
Measurements of the right ASIs of 10 specimens were carried out to verify the validity and reliability of the measurement procedure. To verify its validity, the rectilinear distances between the measurement points were first measured with digital calipers (MITSUTOYO, Japan). The correlation between the directly measured values and the values obtained from three-dimensional imaging was then calculated using Spearman's rank correlation coefficient. To verify its reliability, the procedure from specimen imaging to computer analysis was carried out by two different investigators and the intraclass correlation coefficient (ICC) between the values for the 16 parameters obtained by the two investigators was calculated.
Principal component analysis of the 16 parameters
To characterize the three-dimensional morphology of the ASI on the basis of the values of the parameters thus obtained, principal component analysis was performed using the 16 parameters for all Fig. 2 The assigned measurement points on the auricular surface. A straight line was drawn tangential to the posterior border of the auricular surface for use as a reference line. The upper point of tangency was defined as 'a', and the lower point of tangency as 'b'. The point projecting furthest anterior perpendicularly to the reference line was defined as 'c', the point on the posterior border of the joint that was furthest from the reference line as 'd', the point of tangency of the perpendicular line with the superior border as 'e', and the point of tangency with the inferior border as 'f'. Point 'g' was defined as the point on the anterior border on a line dropped vertically from the midpoint of 'c' and 'e', and similarly 'h' was defined as the point on the anterior border on a line dropped vertically from the midpoint of 'c' and 'f'. Points 'i', 'j' and 'k' were defined as the points on the auricular surface onto which lines were dropped from the midpoints of 'a' and 'g', 'c' and 'd', and 'b' and 'h', respectively. 100 ASI specimens as continuous variables. To confirm the effect of aging on these parameters, the correlation between each of the 16 parameters and age at death was also investigated.
Association between the morphology of the ASI and the degree of degeneration of the articular surface
To investigate the association between the morphology of the ASI and degeneration of the articular surface, the specimens were divided into the high-degeneration group (DEF ≥ 0, n = 55) and the low-degeneration group (DEF < 0, n = 45) on the basis of their DEF value, which indicates the degree of degenerative changes in the ASI, and differences in the values of the 16 parameters between the two groups were tested for significance.
Association between the morphology of the ASI and the degree of degeneration of the articular surface in subjects aged ≥ 60 at the time of death
To investigate the effect of the morphology of the ASI on joint degeneration in older subjects, the specimens were limited to those from subjects aged ≥ 60 at the time of death (n = 47) and the same comparison as above was performed between high-degeneration group (DEF ≥ 0, n = 27) and low-degeneration group (DEF < 0, n = 20).
Statistical analysis
All tests were carried out using JMP PRO 13.0.0 statistical software (SAS Institute Inc., Cary, NC, USA). The subjects of principal component analysis were those for which the cumulative contribution ratio exceeded 80%. Parameters for which the absolute values of the factor loading coefficient exceeded 0.4 were used to interpret the results of principal component analysis. Spearman's rank correlation coefficient was used to test for correlations. Intergroup comparisons were performed using either an unpaired t-test or a Mann-Whitney U-test after the data for the various parameters had been tested for normality. The significance level was set at ≤ 95%.
Results
Verification of the validity and reliability of the measurement procedure
There was an extremely strong positive correlation between the directly measured values and those obtained from the three-dimensional images (r = 0.991, P < 0.001). A comparison of the values measured by different investigators found that ICC (2,1) was 0.990 (95% confidence interval 0.984-0.993), indicating high reproducibility.
Principal component analysis of 16 parameters
Principal component analysis using the 16 parameters indicating the three-dimensional morphology of the ASI as variates, found that the cumulative contribution ratio up to the 5th principal component was 81.251%, and the components up to the 5th principal component were therefore used as the subjects of analysis (Table 1 ). The first principal component was composed of the parameters that indicate the overall size of the ASI. These include the circumference of the auricular surface (H), area of the upper part (N), area of the lower part (O), total area (P), longitudinal axis of the auricular surface (A), length of the short arm (D), and length of the long arm (F) as well as the transverse diameter of the auricular surface (B), width of the upper part (E), and width of the lower part (G). The values of factor lording were positive for these parameters.
The second principal component was composed of the depth of concavity (C) and angle of the posterior border (M), which indicate the degree of the concavity of the posterior border of the auricular surface. The value of factor loading for the depth of concavity was positive, but that of the angle of the posterior border was negative.
The third principal component was composed of the height of the upper part (I), height of the middle part (J) and height of the lower part (K), which indicate the degree of undulation of the auricular surface. The factor loading of the heights of the upper, middle, and lower parts had positive values. Fig. 4 Association between age at the time of death and estimated age. The horizontal axis shows the age at the time of death and the vertical axis the estimated age. The values on the regression curve, which were obtained from the age at the time of death and the estimated age at death, were defined as the predicted age values. Subjects for whom the difference between the estimated age value and predicted age value was a positive value were assigned to the high-degeneration group, and those for whom it was a negative value to the low-degeneration group. Since the cumulative contribution ratio exceeded 80% at the fifth principal component, the first through the fifth principal components (above the broken line) were used for analysis.
The fourth principal component was composed of the area of the upper part (N) and width of the upper part (E), which indicate the size of the short arm of the auricular surface (the upper articular surface of the auricular surface). The factor loading for the area and width of the upper part had positive values.
The fifth principal component was composed of the angle of the anterior border (L) and longitudinal axis of the auricular surface (A), which indicate the size of the auricular surface in the craniocaudal direction. The factor loading for both the angle of the anterior border and longitudinal axis of the auricular surface had positive values ( Table 2) .
The correlation analysis performed to investigate the association between the various parameters and aging revealed significant negative correlations with the height of the upper part (I) (r = -0.286, P = 0.004), the height of the middle part (J) (r = -0.239, P = 0.017), and the height of the lower part (K) (r = -0.309, P = 0.002). The heights of the upper, middle, and lower parts thus tended to decrease with advancing age (Table 3) .
In the comparison between high-degeneration group and low-degeneration group including all 100 specimens, the only significant difference was for the height of the middle part (J) (high-degeneration group: 1.77 AE 1.45; low-degeneration group: 2.21 AE 1.14; P = 0.012). The height of the middle part was thus significantly higher in the low-degeneration group than in the high-degeneration group (Fig. 5) .
In the comparison between the high-degeneration group and low-degeneration group including 47 samples from 
. PC1 is related to the (A), (B), (D), (E), (F), (G), (H), (N), (O)
and (P) and is indicative of the overall size of the ASI. PC2 is related to the (C) and (M) and is indicative of the degree of CPB of the auricular surface. PC3 is related to the (I), (J) and (K) and is indicative of the degree of undulation of the auricular surface. PC4 is related to the (E) and (N) and is indicative of the size of the short arm of the auricular surface (the upper articular surface of the auricular surface). PC5 is related to the (A) and (L) and is indicative of the size of the auricular surface in the craniocaudal direction. subjects aged ≥ 60 at the time of death, there were significant differences in the depth of concavity (C) (high-degeneration group: 11.29 AE 3.69; low-degeneration group: 8.90 AE 2.72; P = 0.019), the angle of the posterior border (M) (high-degeneration group: 122.35 AE 14.47; low-degeneration group: 131.91 AE 12.38; P = 0.022), the height of the middle part (J) (high-degeneration group: 1.39 AE 0.90; low-degeneration group: 2.11 AE 0.95; P = 0.013), and the height of the lower part (K) (high-degeneration group: 1.27 AE 0.97; low-degeneration group: 2.34 AE 1.62; P = 0.045). The depth of concavity was significantly greater in the high-degeneration group than in the lowdegeneration group, and the angle of the posterior border was significantly greater in the low-degeneration group than in the high-degeneration group. The heights of both the middle and lower parts were significantly higher in the low-degeneration group than in the highdegeneration group (Fig. 6) .
Fig. 5
Box-and-whisker plot of the 16 parameters for all subjects. The blue boxes represent the values for the low-degeneration group, and the orange boxes those for the high-degeneration group. The height of the middle part (J) differed significantly between the high-degeneration group and the low-degeneration group. *P < 0.05.
Fig. 6
Box-and-whisker plot of the 16 parameters for subjects aged ≥ 60 at the time of death. The blue boxes represent the values for the lowdegeneration group, and the orange boxes those for the high-degeneration group. The depth of concavity (C), the height of the middle part (J), the height of the lower part (K), and the angle of the posterior border (M) differed significantly between high-degeneration group and low-degeneration group. *P < 0.05.
Discussion
Method of measuring the three-dimensional morphology of the ASI used in this study
Thanks to recent dramatic advances in image analysis technology, numerous studies are now using computed tomography or magnetic resonance imaging to carry out threedimensional analysis of the skeletal structure of the human body. Data acquisition for the three-dimensional analysis procedure used in this study is comparatively easy, enabling three-dimensional images to be obtained from two digital photographs taken at different angles. There was an extremely strong positive correlation between the data from the three-dimensional images produced by this procedure and macroscopically measured values, indicating that this method of measurement has high validity. In the study of inter-investigator reliability, ICC (2,1) was 0.990, demonstrating high reproducibility. The limitation of the method used in the present study is that it cannot be used for observing the bone in vivo. Consequently, this method cannot offer information about side-dominance, previous injury or occupational/societal considerations that may have impacted the SIJ, SIJ pain or SIJ changes seen by putting a live subject into different positions/loads during imaging. However, these findings suggested that the method of three-dimensional analysis we used in this study, which does not require specialized measurement apparatus or scanning devices, provides accurate data extremely cheaply and easily, and may be useful for future three-dimensional studies.
Characteristics of the three-dimensional morphology of the ASI
In an anatomical study of the bones of the SIJ in men, Schunke (1938) reported that there is considerable individual variation in size, shape and circumference. In our previous study of the two-dimensional morphology of the ASI, we also found wide variation between individuals in the shape of the ASI, which could be L-shaped, C-shaped or elliptical, among other possibilities (Nishi et al. 2016) . This is the first full-scale study to attempt to quantify the three-dimensional morphological characteristics of the ASI. We found that it can be characterized in terms of (i) size, (ii) concavity of the posterior border and (iii) amount of undulation. In a study of the changes in the surface of the human ilium from birth to adolescence, Yusof et al. (2013) found that the surface area of the ASI increased rapidly from soon after birth until around 4 years of age. This period overlaps with the stage of human development in which children progress from a supine, non-weight-bearing environment to becoming capable of bipedal walking, and Yusof et al. (2013) suggest that the structure of the ASI may thus change in preparation for bipedalism and to maintain it. The fact that in this study the parameters indicating the size of the ASI and the amount of the concavity of the posterior border were not correlated with age may have been because the samples were from subjects older than adolescence at the time of death. This suggested that the size and the concavity of the posterior border of the ASI may not change greatly after adolescence.
In terms of the undulation of the ASI, numerous studies using the ASI as a method of estimating age have reported that the articular surface becomes flatter with age (Brooke, 1924; Sashin, 1930; Schunke, 1938; MacDonald & Hunt, 1952; Carter & Loewi, 1962; Bowen & Cassidy, 1981; Lovejoy et al. 1985; Buckberry & Chamberlain, 2002; Schmitt, 2004; Igarashi et al. 2005; Mulhern & Jones, 2005; Nagaoka & Hirata, 2008; Passalacqua, 2009; Moraitis et al. 2014) . However, these studies all looked at the articular cartilage of the auricular surface and its surface properties, rather than the undulation of the articular surface as a whole measured in the present study. To our knowledge, ours is the first study quantitatively to evaluate the measured heights of protuberances in three dimensions and isolate them as morphological characteristics of the ASI. We found that the amount of undulation of the ASI diminished significantly with advancing age (height of the upper part (I): r = -0.286, P = 0.004; height of the middle part (J): r = -0.239, P = 0.017; height of the lower part (K): r = -0.309, P = 0.002). This result suggested that, in addition to flattening of the articular surface, age-related changes in the ASI include flattening of the undulation of the articular surface as a whole.
In this study, we calculated the deflection of the auricular surface (DEF), a value that indicates the degree of degeneration of the ASI, from the predicted age values derived from the regression curve of age at the time of death and estimated age. The regression curve was used because the estimated age may be underestimated in specimens from subjects who died at a young age. We thus attempted to resolve this problem using an exponential curve. As a result, there was a strong correlation between the age at the time of death and the estimated age (r = 0.857), increasing the validity of the DEF in young subjects.
In the comparison of the various parameters between the high-degeneration group and low-degeneration group when all the subjects were included, we found that the height of the middle part was significantly greater in the low-degeneration group than in the high-degeneration group. The heights of the upper and lower parts also tended to be greater, although these differences were not statistically significant (height of upper part (I): high-degeneration group: 1.45 AE 1.41, low-degeneration group: 1.72 AE 1.27, P = 0.10; height of lower part (K): high-degeneration group: 2.08 AE 1.60, low-degeneration group: 2.67 AE 1.93, P = 0.13). A number of studies that have used computed tomography to investigate differences in the joint space of the SIJ at different ages have found that the joint space narrows with increasing age (Vogler et al. 1984; Shibata et al. 2002; Demir et al. 2007 ). Shibata et al. (2002) also reported that this degeneration of the SIJ may begin as early as post-pubertal adolescence. Because the SIJ is located in the pelvis, the stability of which is key to bipedalism in humans, it is constantly subject to weight-bearing stress. The level of this mechanical stress also varies according to individual lifestyles (such as manual work or intellectual work). One limitation of the present study was that we were unable to gather any information on the backgrounds of the subjects while they were alive. However, our results did suggest that a decrease in the height of the protuberances on the ASI was associated with the progression of degenerative changes in the ASI, and this effect may begin from adolescence.
The effect of the morphology of the ASI on joint degeneration was expected to be more obvious in older subjects than in younger ones. We therefore carried out an investigation limited to samples from older subjects aged ≥ 60 at the time of death. We found that not only the heights of the middle and lower parts, but also the depth of concavity and the angle of the posterior border differed significantly between the high-degeneration group and the low-degeneration group. The depth of concavity and the angle of the posterior border are parameters indicating the amount of the concavity of the posterior border of the ASI. In our previous study, we carried out a quantitative evaluation of the concavity of the posterior border of the ASI in two dimensions, and found that in older subjects, individuals with larger concavity of the posterior border exhibited a greater degree of joint degeneration compared with individuals with smaller concavity of the posterior border (Nishi et al. 2016) . The depth of concavity and the angle of the posterior border were only weakly correlated with age, suggesting that the amount of the concavity of the posterior border of the ASI may not change after a certain age (possibly after puberty). Our results in the present study suggested that the concavity of the posterior border of the ASI may have little effect on the degeneration of the articular surface during the period from early to late middle age, but that it might have an effect from old age onward. The joint movement of the SIJ is generally considered to involve the anteroposterior rotation of the sacrum with respect to the ilium in the sagittal plane (Weisl, 1955; Kapandji, 2008) . The extent of anteroposterior rotation of the SIJ may thus be greater in individuals with a large concavity of the posterior border of the ASI than in those in whom it is smaller. The amount of the concavity of the posterior border of the ASI may thus be associated with the extent of mobility of the SIJ. Because the stability of the SIJ is absolutely essential in bipedal humans, as mentioned above, in individuals in whom it has a greater range of movement, this stability may be derived from the tensile force of the muscles and fascia around the SIJ. With advancing age, however, increasing muscle weakness makes the maintenance of joint stability by means of the tensile strength of muscles or fascia more difficult, which may increase the mechanical stress imposed on the tendons at the joint margins and on the articular surface. Vleeming et al. (2012) reported that impairment of the stability mechanisms of the SIJ may lead to degenerative damage to the joint, resulting in clinical symptoms of pelvic girdle pain. Our own findings suggested that individuals with a larger concavity of the posterior border of the ASI may have difficulty in maintaining the stability mechanisms of the SIJ as they become older.
Among the limitations of this study were the wide variation in the ages of the subjects at death, and particularly the small number of adolescent subjects. In future studies, the number of subjects in each age group should be adjusted to investigate age-related changes in morphology. Increasing the number of subjects and restricting them to members of specific age groups may also help to elucidate the association between the morphology of the ASI and degenerative changes to the joint in greater detail. Because the materials of this study were bone specimens, it was not possible to ascertain the living environments or whether the subjects had experienced problems with the SIJ during life. However, we were successful in identifying the three-dimensional morphological characteristics of the ASI and in investigating the association between this morphology and degeneration of the articular surface, which may prove helpful in improving our understanding of the functional anatomy of the SIJ and its kinematics.
In conclusion, the morphology of the ASI could be characterized in terms of the size of the joint surface, the concavity of the posterior border, and the amount of undulation. Our results also suggested that the amount of undulation of the ASI tended to diminish with advancing age. An investigation of the association between the morphology of the ASI and degeneration of the articular surface found that the amount of undulation may affect the degree of degeneration of the articular surface. Our results also suggested that in older subjects, the amount of the concavity of the posterior border of the SIJ may affect the degree of degeneration of the articular surface. These results indicate that it is likely that variations in the morphology of the ASI may affect degenerative changes in the SIJ.
